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Abstract 

A  series  of  titanium-substituted  manganese  oxides,  LirTi  vMni_  v02  (y  =  0.11, 0.22,  0.33,  0.44,  and  0.55)  with  the  Nao^MnCL  struc¬ 
ture  were  prepared  from  NalTiyMni_),02  ( x  ~  0.44)  precursors.  The  electrochemical  characteristics  of  these  compounds,  which  retain 
the  unique  double-tunnel  structure  during  ion  exchange,  were  examined  in  lithium/polymer  electrolyte  cells  operating  at  85  °C.  All  of  the 
substituted  cathode  materials  intercalated  lithium  reversibly,  with  LLTio.22Mno.78O2  exhibiting  the  highest  capacity  in  polymer  cells,  about 
10-20%  greater  than  that  of  unsubstituted  LiA  MnCb  made  from  Nao.44Mn02-  In  common  with  L/IVInCb,  the  Ti-substituted  materials  ex¬ 
hibited  good  capacity  retention  over  one  hundred  or  more  cycles,  with  some  compositions  exhibiting  a  fade  rate  of  less  than  0.03%  per  cycle. 
©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Li/MnCE  with  the  Nao.44Mn02  structure  has  recently 
been  used  as  a  cathode  material  in  both  lithium/liquid  elec¬ 
trolyte  and  lithium/polymer  cells  at  85  °C  [1,2].  Little  or  no 
capacity  fading  is  seen  during  prolonged  cycling  in  either 
configuration.  The  remarkable  reversibility  is  particularly 
noteworthy  in  the  elevated  temperature  cells,  because  the 
spinel  LiMn2C>4  tends  to  lose  capacity  rapidly  when  cy¬ 
cled  in  acidic  electrolytes  above  55  °C  [3].  Other  desirable 
features  of  this  material  include  phase  stability  to  about 
400  °C  [4],  resistance  to  degradation  during  over-charge 
or  over-discharge  [5],  and  the  ability  to  be  discharged 
rapidly  (up  to  5C  rate)  with  good  capacity  retention  [1]. 
The  characteristics  of  robustness  and  excellent  reversibil¬ 
ity  are  particularly  attractive  when  the  requirements  for 
hybrid  electric  vehicle  (HEV)  batteries  are  taken  into  con¬ 
sideration;  cost  constraints  mandate  the  use  of  inexpensive 
electrodes  such  as  manganese  oxides,  but  materials  must 
demonstrate  abuse-tolerance  and  be  able  to  withstand  thou¬ 
sands  of  high-power,  shallow  cycles.  For  applications  such 
as  electric  vehicles  (EVs)  or  consumer  devices,  however,  a 
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higher  specific  energy  may  be  required  than  that  currently 
provided  by  this  material. 

If  lithium  ions  were  constrained  to  the  equivalent  sodium 
sites  in  LLMnCL  with  the  Nao.44Mn02  structure,  the  the¬ 
oretical  capacity  would  be  193mAh/g,  corresponding  to 
a  composition  range  of  x  —  0  to  0.66.  There  is,  however, 
evidence  that  more  of  the  smaller  Li  ions  can  be  inserted 
[4],  and  that  the  lithium  tunnel  sites  are  different  from  those 
occupied  by  sodium  [12].  In  practical  cells,  less  lithium 
is  cycled  because  not  all  the  lithium  ions  in  the  structure 
can  be  extracted  before  oxidation  of  polymer  or  liquid 
electrolytic  solutions  takes  place.  The  reversible  capac¬ 
ity  depends  upon  the  cell  configuration  and  temperature, 
current  density,  voltage  limits,  and  how  the  sample  is  pre¬ 
pared.  120mAh/g  is  the  maximum  observed  for  ambient 
temperature  liquid  electrolyte  cells  discharged  at  C/3  rates 
between  4.2  and  2.5  V.  The  capacity  of  ion-exchanged  ma¬ 
terials  (prepared  prior  to  incorporation  in  cells)  declines  as 
the  sodium  content  decreases.  Nao.44Mn02  can  deliver  up 
to  150mAh/g  in  sodium/polymer  cells  [6]  or  140mAh/g  in 
lithium/polymer  cells  (N.B.,  some  ion  exchange  occurs  in 
situ  [7]).  This  compares  to  about  95-100  mAh/g  for  fully 
exchanged  LivMnC>2  in  lithium/polymer  cells  under  the 
same  conditions.  Ion  exchange  also  has  the  effect  of  steep¬ 
ening  the  discharge  profile  of  these  compounds,  thereby 
decreasing  utilization  between  practical  cell  voltage  limits. 
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Differential  capacity  plots  obtained  from  potential  step 
experiments  on  lithium  cells  containing  compounds  with 
the  Nao.44MnC>2  structure  show  the  variation  in  electro¬ 
chemical  characteristics  with  extent-of-exchange;  specifi¬ 
cally,  the  intensities,  breadths,  positions,  and  numbers  of 
peaks  are  sensitive  to  sodium  content.  A  possible  explana¬ 
tion  for  these  differences  is  that  sodium  ions  prop  open  the 
tunnels  (as  evidenced  by  the  dependence  of  unit  cell  volume 
on  sodium  content),  allowing  improved  access  by  lithium 
ions  [8].  While  the  higher  capacity  is  desirable,  slow  ex¬ 
change  occurs  in  situ,  causing  steepening  of  the  discharge 
profile  and  decreasing  capacity  delivered  between  set  voltage 
limits  as  cells  are  cycled.  To  increase  capacity  but  maintain 
the  excellent  cycling  characteristics  of  LixMnC>2  with  the 
Nao.44MnC>2  structure,  other  methods  besides  using  sodium 
ions  to  increase  unit  cell  size  and  alter  the  discharge  charac¬ 
teristics  were  investigated.  The  purpose  of  the  current  study 
was  to  investigate  of  the  effect  of  partial  substitution  of  ti¬ 
tanium  for  manganese  on  the  discharge  and  cycling  charac¬ 
teristics. 


2.  Experimental 

NavTiyMni_v02  compounds  with  x  ~  0.44  and  y  = 
0.11,0.22,0.33,0.44,  and  0.55  were  made  by  heating 
together  well-mixed  powders  of  Na2Ti3C>7,  Mn203,  and 
Na2CC>3  in  the  desired  proportions  at  850  °C  for  10  h. 
A  starting  ratio  of  Na:(Mn  +  Ti)  of  0.47  was  used  to 
compensate  for  sodium  loss  at  elevated  temperatures.  In 
cases  where  an  MmCb  impurity  was  detected,  the  powders 
were  re-ground  with  NaOH  and  re-fired.  The  products  ob¬ 
tained  after  this  treatment  were  phase-pure,  and  black  or 
brown-black  in  color.  Some  powders  were  attrition-milled 
for  8  h  prior  to  electrochemical  testing.  One  sample  of 
NayTio.22Mno.78O2  was  prepared  at  1000  °C.  In  this  case, 
the  slight  excess  of  sodium  led  to  the  formation  of  a  small 
amount  (<5%)  of  a  sodium-rich  layered  phase  similar  to 
Nao.7Mn02+y  [9].  This  material  was  prepared  for  structural 
studies  and  was  not  tested  in  electrochemical  cells. 

NayTio.22Mno.78O2  was  also  prepared  by  a  sol-gel  tech¬ 
nique.  First,  200  mL  of  a  0.2  M  solution  of  titanium  iso- 
propoxide  (Aldrich  Chemical  Company)  was  mixed  with 
200  cc  of  distilled  water,  maintained  at  50  °C  under  reflux, 


and  stirred  for  4  h.  The  pH  was  then  adjusted  to  3  by  adding 
nitric  acid  to  the  clear  sol.  Manganese  nitrate  and  sodium 
hydroxide  were  then  added  to  the  stirred  solution,  which 
turned  brown.  A  small  amount  (approximately  2%,  w/w) 
of  polyethylene  glycol  (MW  =  10,000)  was  added  to  the 
solution  to  aid  in  dispersion  [10].  After  three  days  of  stir¬ 
ring,  the  solution  was  filtered,  dried,  and  calcined  for  four 
hours  at  850  °C.  A  small  amount  of  a  layered  phase  (<5%) 
was  detected  in  the  product,  but  the  major  phase  was  the 
expected  tunnel  compound. 

NavTiyMni_  v02  powders  were  ion-exchanged  by  heating 
them  in  a  molten  salt-mixture  of  68  mol%  L1NO3/32  mol% 
KNO3  at  230-250  °C.  A  2-5-fold  excess  of  the  Li  salt  was 
used,  and  the  supernatant  liquid  was  poured  out  and  re¬ 
placed  twice  during  the  exchange,  which  typically  took  48  h. 
The  powders  were  washed  well  with  distilled  water  and 
dried  for  several  days  at  140  °C.  X-ray  diffraction  (XRD) 
analysis  indicated  that  the  exchanged  compounds  were  iso- 
morphous  with  the  sodium-containing  precursors.  Layered 
contaminants  such  as  that  found  in  the  sol-gel  preparation 
converted  to  spinel  upon  ion  exchange,  but  the  majority 
phase  was  always  a  material  with  the  Nao^MnCL  structure. 

The  insolubility  of  NaYTivMni_},02  and  LiATivMni_v02 
compounds  in  neat  or  aqueous  acids  precluded  elemen¬ 
tal  analysis  by  atomic  absorption.  Instead,  thin  pellets  of 
the  compounds  of  interest  were  pressed  and  analyzed  by 
laser  ablation/mass  spectroscopy  [11].  Pellets  of  MnC>2  and 
LiAMn204  samples  of  known  compositions  were  used  as 
references.  This  technique  tended  to  overestimate  sodium 
content  in  the  NavTivMni_v02  samples  (most  likely  be¬ 
cause  of  the  lack  of  a  suitable  sodium-containing  reference 
for  these  compounds).  No  sodium  was  detected,  however, 
in  fully-exchanged  LivTivMni_v02  samples. 

Nominal  compositions  and  experimental  values  for  tita¬ 
nium  and  lithium  content  obtained  by  laser/ablation  mass 
spectroscopy  for  the  compounds  studied  are  presented  in 
Table  1.  The  agreement  is  good,  although  there  are  devi¬ 
ations  at  high  Ti  content  that  may  be  due  to  the  use  of 
manganese  oxide  references  that  do  not  contain  titanium. 
The  nominal  compositions  are  used  throughout  this  paper. 
Scanning  electron  microscopy  (Microspec  ISI-DS  130C  dual 
stage  SEM)  was  used  to  observe  the  particle  morphology 
of  the  samples.  X-ray  powder  diffraction  patterns  were  ob¬ 
tained  using  a  Siemens  D500  diffractometer  with  Cu  Ka 


Table  1 

Laser  ablation/mass  spectroscopy3  results  on  NayTivMni_y02b  and  I.itTiv Vln  1  _v02c  compounds 


Nominal  composition, 
y  in  NajcTi-yMni-3,02 

y  (estimated) 

Nominal  composition, 
y  in  LixTi^Mni  1-^02 

y  (estimated) 

x  (estimated) 

0.11 

0.14 

0.11 

0.11 

0.46 

0.22 

0.26 

0.22 

0.26 

0.35 

0.33 

0.35 

0.33 

0.44 

0.22 

0.44 

0.49 

0.44 

0.47 

0.35 

a  Obtained  using  samples  of  Mn02  or  LiMn204  of  known  compositions  as  references. 
b  Synthesized  at  850  °C. 

c  Prepared  by  molten  salt  exchange  of  Na^Ti^Mn  1-^02  compounds  prepared  at  850  °C. 
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radiation  and  a  diffracted  beam  monochromator.  Cell  pa¬ 
rameters  and  atomic  positions  were  determined  by  Rietveld 
refinement. 

Components  for  cells  were  fabricated  and  liquid  elec¬ 
trolyte  and  polymer  electrolyte  cells  assembled  as  previ¬ 
ously  described  [1].  Polymer  cell  assemblies  were  equili¬ 
brated  at  85  ±  0.5  °C  in  a  convection  oven  for  at  least  one 
hour  prior  to  testing.  A  MacPile  II  (Bio-Logic,  SA,  Claix, 
France)  was  used  for  both  galvanostatic  and  potentiostatic 
experiments.  For  electrochemical  potential  spectroscopy 
experiments  (ECPS),  the  potential  was  stepped  10  mV  ev¬ 
ery  4h,  or  until  the  current  had  decreased  to  1/1000  of  its 
initial  value,  between  2.5  and  3.5  V.  Galvanostatic  charges, 
discharges  and  cycling  experiments  were  carried  out  be¬ 
tween  set  voltage  limits  (most  commonly  between  3.6  and 
2.5  V),  with  rest  periods  of  0.25  to  1  h  between  half  cycles. 

3.  Results  and  discussion 

3.1.  Structure  and  composition  of  electrode  materials 

The  structure  of  the  parent  compound,  Nao^MnCL,  is 
shown  in  Fig.  1.  Columns  of  edge-sharing  MnOs  square 
pyramids  and  sheets  of  edge-sharing  MnC>6  octahedra  two 
and  three  units  in  width  extend  parallel  to  the  c-axis.  These 
are  connected  by  corner  sharing  to  form  two  types  of  tunnels 
containing  sodium  ions.  Nal  sites  are  located  in  the  smaller 
tunnels,  and  Na2  and  Na3  in  the  large  S-shaped  tunnels. 
There  are  five  sites  with  different  symmetries  for  the  man¬ 
ganese  ions.  Mnl  is  located  at  special  position  (0,  0.5,  0)  in 
the  central  MnC>6  octahedron  in  the  row  of  three  and  com¬ 
prises  11%  of  the  total  manganese  content.  The  four  other 


types  of  manganese  (Mn2,  Mn3,  and  Mn5  in  MnC>6  octahe¬ 
dra  and  Mn4  in  the  square  pyramid)  each  comprise  22%  of 
the  total  Mn  content.  In  as-prepared  Nao^MnCL,  Mn  in  the 
Mnl,  Mn2,  and  Mn3  sites  is  in  the  +4  oxidation  state,  Mn 
in  the  Mn4  and  Mn5  sites  is  in  the  +3  oxidation  state,  the 
sodium  sites  in  the  small  tunnels  are  nearly  fully  occupied, 
while  in  the  larger  tunnels  the  Na2  sites  are  about  two-thirds 
full,  and  the  Na3  sites  are  about  one-third  full  [4,12]. 

Na4Mn4Ti50i8  was  first  prepared  from  a  melt  of  TiCL, 
sodium  oxalate,  and  MnC>2  at  1200  °C  by  Mumme  [13] 
(prior  to  discovery  of  Nao^MnCL).  A  single  crystal  study 
verified  that  it  has  the  structure  shown  in  Fig.  1,  with  Ti4+ 
ions  most  likely  located  where  Mnl,  Mn2,  and  Mn3  are 
indicated,  based  on  symmetry  and  bond  lengths.  The  ex¬ 
istence  of  this  material  suggests  that  it  should  be  possible 
to  prepare  materials  isostructural  to  Nao^MnCL,  in  which 
manganese  ions  on  specific  sites  are  replaced  with  titanium. 
We  were  able  to  prepare  NaATi,.Mni_;>,02  (x  ~  0.44,  y  = 
0.11,  0.22,  0.33,  0.44,  and  0.55)  by  solid  state  reactions  at 
850  and  1000  °C.  Additionally,  NavTio.22Mno.7sO2  was  pre¬ 
pared  by  a  sol-gel  method. 

The  XRD  patterns  of  Na.vTivMni_v02  compounds  pre¬ 
pared  at  850  °C  are  shown  in  Fig.  2.  Changes  in  the  cell 
parameters  as  the  titanium  content  increases  cause  shift¬ 
ing,  overlapping,  and/or  splitting  of  the  peaks  in  these  com¬ 
plex  patterns,  but  the  structural  similarity  of  the  compounds 
is  still  evident.  The  NavTio.22Mno.7sO2  sample  prepared  at 
1000  °C  (pattern  not  shown)  contains  small  amounts  of  a 
sodium-rich  layered  phase  and  Mn304.  Otherwise,  the  pat¬ 
tern  is  similar  to  that  of  material  prepared  at  850  °C.  The 
major  phase  in  each  sample  were  indexed  and  refined  in 
space  group  Pbam.  Fig.  3  shows  the  experimental,  calcu¬ 
lated,  and  difference  patterns  for  Nao.35Tio.44Mno.56O2.  The 


Fig.  1.  Structure  of  Nao.4Mn02,  looking  down  the  c-axis.  Spheres  represent  sodium  ions  or  sites  for  sodium  ions  and  are  labeled.  Sites  for  Mn  ions 
located  in  Mn06  octahedra  and  MnOs  square  pyramids  are  also  labeled. 


M.M.  Doejf  et  al.  /  Journal  of  Power  Sources  135  (2004)  240-248 


243 


1  '  1  '  1  '  '  ' 

•tjJJJ 

'  1  '  '  '  '  1  '  ' 

.  JlujsA 

1  1  '  '  '  1  1  1  1  '  1  1  1  1  1  1  1  1  1  1  1 

JLlI 

JjJL 

jUuL 

■ . 

-  jU-uU-m 

*•  X  wfaAffwnAi 

m 

w  jLiiMi 

. 

0  22 

. . . 

0  10  20  30  40  50  60  70  80 

20 


Fig.  2.  X-ray  diffraction  patterns  of  Na^TiyMnj-yC^  compounds  prepared 
at  850  °C,  arranged  in  order  of  increasing  titanium  content  from  bottom 
to  top.  The  bottom-most  pattern  is  that  of  Nao.44MnC>2,  included  for 
purposes  of  comparison. 


XRD  pattern  for  the  sol-gel  NajTio.22Mno.78O2  sample  re¬ 
sembled  those  of  samples  prepared  by  conventional  means, 
but  the  lines  were  much  broader  due  to  the  small  crystallite 
size,  had  multiple  maxima,  suggesting  a  mixture  of  phases, 
and  contained  reflections  due  to  a  sodium-rich  layered  com¬ 
pound. 

Structural  parameters  and  sodium  contents  obtained 
from  the  refinements  are  listed  in  Table  2.  The  sodium 
content  decreased  with  increasing  titanium  content  in  sam¬ 
ples  prepared  at  850  °C,  but  was  lower  than  expected  for 
NacTio.  22Mno.78C>2  prepared  at  1000  °C.  The  phase  purity 
was  very  sensitive  to  the  Na:(Mn  +  Ti)  ratios  of  the  re¬ 
actants.  When  the  ratio  was  low,  an  impurity  was 

observed,  and  when  high,  a  sodium-rich  layered  phase 
similar  to  NaojMnCb+v  appeared.  This  indicates  that,  at  el¬ 
evated  temperatures,  there  is  little  or  no  composition  range 
for  sodium  in  the  tunnel  phase,  although  the  exact  value 
varied  with  differing  reaction  conditions  (e.g.,  temperature, 
Mn:Ti  ratio,  oxygen  partial  pressure).  As  the  occupancies 
of  the  sodium  sites  vary,  it  is  accommodated  by  a  change 
in  the  average  oxidation  state  of  manganese.  This  may 
explain  the  slight  discrepancy  in  composition  observed  by 


Fig.  3.  X-ray  diffraction  pattern  of  Nao.35Tio.44Mno.56O2.  Data  points  are 
represented  by  crosses,  refined  pattern  and  residual  (offset)  by  solid  lines. 


other  researchers  who  prepared  “Nao.44Mn02”  by  a  low 
temperature  synthetic  route  [14]. 

Either  reduction  or  substitution  with  larger  ions  causes 
the  cell  volume  to  expand,  particularly  in  the  a  and  b  direc¬ 
tions  [4],  In  the  series  of  NajTivMni_-,.02  compounds  made 
at  850  °C,  the  sodium  content  decreases  slightly  (and  man¬ 
ganese  oxidation  state  increases  accordingly),  but  the  cell 
volumes  increase  at  higher  substitution  levels  because  of  the 
larger  size  of  the  Ti4+  ions  (0.68  A  for  Ti44  versus  0.60  A 
for  Mn4+  [15]). 

Because  the  distribution  of  titanium  is  not  perfectly  uni¬ 
form  and  the  scattering  coefficients  of  Mn  and  Ti  are  sim¬ 
ilar,  precise  site  occupancies  and  atomic  positions  for  the 
transition  metals  could  not  be  obtained.  From  average  bond 
lengths  and  site  symmetry,  however,  it  is  clear  that  Ti4+  sub¬ 
stitutes  for  Mn4+  in  the  Mnl,  Mn2,  and/or  Mn3  sites  in  an 
essentially  random  fashion.  It  is  not  possible  to  rule  out  un¬ 
equivocally  Mn5  substitution  in  the  more  highly  substituted 


Table  2 

Structural  parameters  and  sodium  contents  of  Na^Ti^Mni-^C^  phases  (space  group:  Pbarri)  from  Rietveld  refinements 


Nominal  composition3 

Unit  cell  parameters  (A) 

a  b 

c 

Cell  volume  (A3) 

x  (found) 

Na.rMn02b 

9.089 

26.488 

2.826 

680 

0.47 

NajTio.11Mno.89O2 

9.135 

26.478 

2.839 

686.6 

0.5 

NajTio.22Mno.7gO2 

9.194 

26.519 

2.858 

696.8 

0.49 

NajTio.22Mno.78  02c 

0.33 

NajTio.33Mno.67O2 

9.212 

26.499 

2.868 

700.1 

0.42 

NajTio.44Mno.56O2 

9.214 

26.501 

2.874 

701.7 

0.35 

NajTio.55Mno.45O2 

9.255 

26.512 

2.884 

707.7 

aAll  materials  prepared  by  conventional  solid  state  synthesis  at  850  °C, 

except  where  otherwise  noted. 

b  From  [4], 

c  Material  prepared  at  1000  °C. 
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Fig.  4.  X-ray  diffraction  patterns  of  Li^TiyMni-yC^  compounds  prepared 
by  ion-exchange  of  Na^Ti^Mni-^C^  samples  made  at  850  °C,  arranged  in 
order  of  increasing  titanium  content  from  bottom  to  top.  The  bottom-most 
pattern  is  that  of  Lio.27Mn02  made  from  Nao.44Mn02,  included  for  pur¬ 
poses  of  comparison. 


compounds,  but  replacement  of  Mn  in  the  Mn4  sites  is  un¬ 
likely  because  the  square  pyramidal  coordination  favors  a 
Jahn-Teller  ion.  The  difficulty  in  dissolving  these  materi¬ 
als  and  the  lack  of  suitable  reference  compounds  thwarted 
an  accurate  determination  of  their  composition,  but  esti¬ 
mates  were  obtained  using  laser  ablation/mass  spectroscopy 
(Table  1). 

Fig.  4  shows  XRD  patterns  of  LixTivMni_-v02,  the 
lithium-exchanged  compounds,  and  Fig.  5  shows  a  refine¬ 
ment  typical  of  those  from  which  the  structural  parameters 
listed  in  Table  3  were  derived.  In  some  cases,  occupancies 
of  lithium  sites  were  higher  than  expected,  implying  the 
presence  of  small  amounts  of  sodium,  although  none  was 
detected  by  laser  ablation/mass  spectroscopy.  The  XRD 
experiment  is  extremely  sensitive  to  traces  of  sodium,  how¬ 
ever,  and  is  relatively  insensitive  to  light  elements  such 
as  lithium.  The  lithium  content  in  LiATivMni_v02  com¬ 
pounds  could  be  estimated  from  the  laser  ablation/mass 
spectroscopy  experiments  (Table  1),  but  not  from  the  Ri- 
etveld  refinements.  In  all  cases,  x  in  LivTivMni_,,02  is 
slightly  lower  than  x  in  NaATi  vMn  i_vC>2  determined  from 
pattern  refinements,  indicating  that  oxidation  takes  place 


Fig.  5.  X-ray  diffraction  pattern  of  LrtTio.44Mno.56O2.  Data  points  are 
represented  by  crosses,  refined  pattern  and  residual  (offset)  by  solid  lines. 


during  the  molten  salt  exchange.  Because  the  free  energies 
of  formation  of  Li2C03,  LiOH,  and  LFO  are  lower  than 
those  of  the  corresponding  sodium  salts  [15],  lithiated  com¬ 
pounds  with  the  Nao.44Mn02  structure  are  more  susceptible 
to  air-oxidation  than  their  sodium-containing  counterparts. 

The  cell  volumes  of  LiATivMni_v02  compounds 
are  considerably  smaller  than  those  of  the  analogous 
NarTivMni_v02  compounds,  due  to  the  replacement  of 
sodium  ions  with  smaller  lithium  ions.  All  are  larger  than 
that  of  Lio.27MnC>2  made  from  Nao.44MnC>2  due  to  the 
replacement  of  some  manganese  with  titanium.  The  unit 
cell  size  is  influenced  both  by  the  titanium  content  and  the 
average  oxidation  state  of  the  manganese  ions  in  this  series. 

3.2.  Electrochemical  characterization 

Freshly-assembled  Li/P(E0)8LiTFSI/LiATivMni_v02 
cells  heated  to  85  °C  have  open-circuit  potentials  (OCPs) 


Table  3 

Structural  parameters  of  Li^Ti^Mn  1-^02  phases  (space  group:  Pbam )  from  Rietveld  refinements 


Nominal  composition3 

Unit  cell  parameters  (A) 

Cell  volume 
(A3) 

Average  Mn 
oxidation  stateb 

a 

b 

c 

Lio.27MnC>2c 

8.917 

24.09 

2.83 

608 

3.73 

LuTio.11Mno.89O2 

8.932 

25.318 

2.841 

642.4 

3.48 

LhTio.22Mno.78O2 

8.964 

24.869 

2.854 

636.2 

3.55 

LhTio.33Mno.67O2 

8.985 

24.663 

2.866 

635.1 

3.67 

LhTio.44Mno.56O2 

9.016 

24.719 

2.875 

640.7 

3.38 

LhTio.55Mno.45O2 

8.949 

24.458 

2.862 

626.5 

a  Materials  prepared  by  molten  salt  ion  exchange  from  Na^Ti^Mni-^C^  compounds  made  at  850  °C. 
b  Calculated  using  Li  contents  from  laser  ablation/mass  spectroscopy  results  listed  in  Table  1 . 
c  From  [4]. 
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Fig.  6.  Differential  capacity  vs.  potential  (first  full  ECPS  cycle)  for  Li/P(E0)8LiTFSI/LiAMn02  and  Li/P(E0)8LiTFSI/LiA:Ti},Mni_>!02  cells  obtained  from 
ECPS  experiments  at  85  °C:  (a)  y  =  0  (LiAMnC)2,  from  [1]),  (b)  y  =  0.11,  (c)  y  =  0.22,  (d)  y  =  0.33,  (e)  y  =  0.44,  (f)  y  =  0.55.  Titanium-containing 
compounds  were  made  by  exchanging  materials  conventionally  prepared  at  850  °C.  LiAMn02  was  made  by  exchanging  a  precursor  synthesized  by  a 
glycine-nitrate  combustion  process. 


of  3.32-3.42  V  except  for  those  containing  the  y  =  0.11 
compound,  which  are  slightly  lower  (3.25-3.3  V)  due  to  the 
greater  lithium  content.  They  are  in  the  partially  discharged 
state,  and  can  either  be  charged  or  discharged  initially. 
Stepped  potential  (ECPS)  experiments  were  carried  out  to 
compare  lithium  insertion  processes  of  LiATivMni__vC>2 
compounds  to  those  of  LiyMnCL  with  the  Nao.44Mn02 
structure.  Differential  capacity  (AQ/AV)  plots  obtained 
during  the  first  full  cycle  on  cells  containing  LiAMnC>2  or 


LiATi  vMri|_v02  compounds  prepared  at  850  °C  are  shown 
in  Fig.  6a-f,  respectively. 

Lithium  insertion  processes  into  LiATivMni_v02  com¬ 
pounds  are  highly  reversible,  as  they  are  with  LiAMn02,  but 
they  differ  in  some  important  respects.  In  well-exchanged 
samples  of  the  latter,  two  sets  of  sharp  peaks  appear  at  about 
3.05  and  3.33  V  versus  Li  (additional  features  seen  in  this 
region  in  earlier  AQ/AV  data  [2,4]  indicate  that  a  second, 
sodium-containing  phase  is  present;  i.e.,  the  exchange  pro- 
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cess  was  incomplete).  The  peaks  broaden  considerably,  and 
a  new  feature  at  about  2.9  V  versus  Li  appears  and  becomes 
relatively  larger  as  y  in  LivTivMni_vC>2  increases.  In  the 
case  of  the  LivTio.22Mno.7sO2  material  made  from  a  sol-gel 
precursor  (not  shown),  the  major  feature  is  a  very  broad  peak 
at  3. 1  V,  and  much  less  capacity  is  seen  at  3.3  and  2.9  V  than 
for  Li  vTio.22Mno.7sO2  made  from  a  conventional  precursor. 
(A  very  small,  sharp  set  of  peaks  at  around  3.0  V  could  be 
assigned  to  the  spinel  contaminant  in  the  sol-gel  material.) 

It  has  been  suggested  that  peaks  in  the  AQ/AV  plots  of 
Li/LiYMn02  cells  are  due  to  lithium  ordering  in  the  tun¬ 
nels  [2],  but  this  seems  somewhat  unlikely  given  that  sev¬ 
eral  types  of  sites  with  differing  symmetries  are  possible 
for  these  ions.  A  more  plausible  explanation  is  that  selec¬ 
tive  reduction/oxidation  of  Mn  in  specific  sites  occurs  with 
concomitant  structural  changes,  resulting  in  distinct,  highly 
reversible,  phase  transitions. 

An  XRD  study  of  Nao.44Mn02  and  its  chemically  ex¬ 
changed,  reduced,  and  oxidized  derivatives  [12]  showed 
that  Mn  in  the  Mnl  site  is  in  the  +4  oxidation  state  in 
Nao.44MnC>2  and  Lio^MnCL,  but  in  the  +3  oxidation  state 
in  Lio.62MnC>2.  Mn  in  the  Mn5  site  is  in  the  +3  oxidation 
site  in  Nao.44Mn02  and  Lio.62Mn02,  but  is  in  the  +4  state 
in  Lio^MnCL.  There  are  also  significant  differences  in  the 
Mn  coordination  spheres  among  these  compounds,  allowing 
the  S-shaped  tunnels  to  flex  and  the  MnOs  square  pyramids 
to  hinge  to  accommodate  varying  amounts  of  lithium  or 
sodium  ions  in  the  tunnels. 

Although  there  is  not  yet  enough  experimental  evidence  to 
verify  this,  or  to  rule  out  other  possibilities  such  as  differing 
site  energetics,  the  observations  on  the  titanium-containing 
compounds  are  not  inconsistent  with  this  theory.  The  pres¬ 
ence  of  electrochemically  inert  titanium  on  manganese  sites 
in  LiYTivMni_v02  compounds  may  cause  different  man¬ 
ganese  ions  to  participate  in  the  redox  process,  particularly 
if  normally  electroactive  sites  are  partially  or  fully  sub¬ 
stituted.  The  broadening  of  features  in  the  AQ/AV  plots 
of  cells  containing  LiYTivMni_v02  compared  to  LiYMn02 
may  be  due  to  the  random  and  somewhat  heterogeneous 
distribution  of  Ti,  which  is  likely  to  complicate  and  atten¬ 
uate  the  phase  transitions.  The  differences  in  the  AQ/AV 
plots  of  cells  containing  LivTio.22Mno.7sO2  made  from  a 
sol-gel  precursor  also  suggest  that  Ti  substitution  in  these 
materials  is  very  complex  and  dependent  upon  synthesis 
method. 

Integration  of  the  data  in  Fig.  6a-f  allows  pseudo-open 
circuit  potential  (OCP)  profiles  to  be  obtained  (Fig.  7). 
That  of  Li/P(E0)sLiTFSI/LiAMn02  cells  is  gradually  slop¬ 
ing  between  3.5  and  2.5  V,  with  two  distinct  plateaus 
corresponding  to  the  peaks  in  the  AQ/AV  plots.  Slightly 
less  than  lOOmAh/g  is  delivered,  corresponding  to  Ax  in 
LivMn02  of  about  0.3  (from  about  x  =  0.3  to  1  =  0.6). 
This  is  similar  to  that  found  for  LiATivMni_vC>2  com¬ 
pounds  with  y  =0.11,  0.33,  or  0.44,  although  relatively 
more  capacity  is  found  at  around  2.9  V  and  no  plateaus 
are  evident.  OCP  profiles  of  cells  containing  convention- 


Capacity,  mAh/g 

Fig.  7.  Pseudo-open  circuit  potential  profiles  for  LJ/P(EO)gLiTFSI/ 
LijliyMni-yC^  and  Li/P(EO)gLiTFSI/LixMn02  cells  at  85  °C,  derived 
by  integrating  the  data  shown  in  Fig.  6:  y  =  0  (LixMn02,  — ),  y  =  0.11 
(x),  31  =  0.22  (A),  3  =  0.33  (O),  y  =  0.44  (□)  and  y  =  0.55  (+). 

ally  prepared  LivTio.22Mno.7sO2  show  about  20%  more 
capacity  in  this  potential  range,  while  those  of  cells  con¬ 
taining  the  sol-gel  derived  LivTio.22Mno.7sO2  (not  shown) 
or  LivTio.55Mno.45O2  display  markedly  less.  Titanium  in¬ 
creases  the  unit  cell  size,  but  is  probably  electrochemically 
inert  in  this  potential  range.  Thus,  these  results  represent 
a  trade-off  between  the  beneficial  effects  of  increasing  the 
unit  cell  size,  which  allows  more  of  the  lithium  to  be  ex¬ 
tracted,  and  losses  represented  by  replacement  of  some 
electroactive  Mn  with  inactive  Ti. 

Fig.  8  shows  galvanostatic  discharges  of  Li/P(EO)s 
LiTFSI/LiYTio.22Mno.7802  (conventionally  prepared)  cells 
at  85  °C.  There  is  slightly  less  utilization  than  that  pre¬ 
dicted  by  the  ECPS  experiments,  even  at  low  rates  (e.g., 
0.  ImA/cm2,  corresponding  to  C/5  for  the  cell  shown). 
It  is  still,  however,  somewhat  higher  than  that  found  for 
optimized  LiAMn02  electrodes  in  the  same  cell  configu¬ 
ration.  This  advantage  disappears  when  cells  containing 


Fig.  8.  Galvanostatic  discharges  of  Li/P(EO)8LiTFSI/LixTio.22Mno.7s02 

cells  at  85  °C:  O.lmA/cm2  ( — ),  0.2mA/cm2  ( - ),  and  0.5  mA/cm2 

(•••)• 
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Li.vTio.22Mno.78O2  are  discharged  at  higher  current  den¬ 
sities;  utilization  for  the  cell  in  Fig.  9  at  0.5mA/cm2,  is 
equal  to  that  found  for  Li/P(E0)8LiTFSI/LiAMn02  cells 
at  the  same  current  density  [1].  The  difference  is  even 
more  marked  when  the  performance  of  liquid  electrolyte 
cells  at  room  temperature  is  compared.  Thus,  the  rate  ca¬ 
pability  of  this  sample  of  Li .vTio.22Mno.7gO2  appears  to  be 
inferior  to  that  of  the  LivMnCH  described  in  Ref.  [1].  An 
examination  of  relative  diffusion  coefficients  obtained  by 
analysis  of  the  current  versus  time  data  during  the  stepped 
potential  experiments  confirms  this.  The  rate  capability  of 
Li.vTio.22Mno.78O2  also  seems  to  be  somewhat  inferior  to 
that  of  other  Li  ATi  vMn  |  _  v02  electrodes,  which  are  utilized 
fully  in  polymer  cells  at  0.1  mA/cm2  (C/3-C/5  rate). 

The  rate  capability  and  utilization  of  Li  vMnC)2  electrodes 
is  strongly  dependent  upon  synthesis  method  and  process¬ 
ing  details  [1].  The  crystals  are  needle-like  with  the  tunnels, 
along  which  lithium  ion  diffusion  occurs,  aligned  parallel 
to  the  long  axis.  Glycine-nitrate  combustion  synthesis  and 
attrition-milling  conventionally  prepared  powders  results  in 
shorter  needles,  which  give  better  electrode  performance. 
SEM  images  of  LiATivMni_v02  powders  indicate,  how¬ 
ever,  that  most  of  the  particles  are  nearly  equiaxial  rather 
than  needle-like.  Attrition-milling  Li.vTio.22Mno.78O2  pow¬ 
ders  did  not  result  in  substantially  smaller  particles,  and 
utilization  in  polymer  cells  actually  decreased  for  ground 
materials.  The  titanium-substituted  manganese  oxides  are 
exceptionally  hard  and  difficult  to  grind;  contamination 
from  the  zirconia  balls  used  during  attrition  milling  may 
have  resulted  in  low  utilization,  thus  compromising  the 
performance  of  the  ground  Li.vTio.22Mno.78O2. 

Cycling  data  for  Li/P(EO)8LiTFSI/LiATio.22Mno.7802 
and  LCTio.33Mno.67O2  cells  at  85  °C  are  shown  in  Figs.  9 
and  10.  Li/P(EO)8LiTFSI/LiATio.22Mno  78O2  cells  dis¬ 
charged  at  0.5  mA/cm2  have  slightly  lower  capacity  and 
fade  more  quickly  than  those  discharged  at  0. 1  mA/cm2 
between  2.5  and  3.6  V  (a  loss  of  0.06%  per  cycle  for  the 


Fig.  9.  Cycling  data  for  Li/P(EO)8LiTFSI/LiATio.22 MnovTF  cells  at 
85  °C,  discharged  at  0.1  mA/cm2  between  3.6  and  2.5  V  ( x ),  0. 1  mA/cm2 
between  3.6  and  2.4  V  (•),  and  0.5  mA/cm2  between  3.6  and  2.5  V  (□). 


Fig.  10.  Cycling  data  for  Li/P(EO)gLiTFSI/LiATio.33Mno  67O2  cells  at 
85  °C,  discharged  at  0.1  mA/cm2  between  3.6  and  2.5V  (x),  3.6  and 
2.4  V  (•),  and  3.6  and  2.2  V  (□). 

former  versus  0.04%  for  the  latter).  In  comparison,  polymer 
cells  containing  optimized  LijMnCT  as  the  cathode  can  be 
discharged  repeatedly  at  0.5  mA/cm2  with  a  loss  of  only 
0.02%  per  cycle  under  the  same  conditions.  Decreasing  the 
lower  voltage  limit  from  2.5  to  2.4  V  results  in  full  utiliza¬ 
tion  for  cells  discharged  at  0.1  mA/cm2,  but  causes  faster 
fading  (an  average  loss  of  0.17%  per  cycle).  The  cycling  be¬ 
havior  of  Li/P(EO)gLiTFSI/LiATio.33Mno.6702  cells  is  also 
sensitive  to  the  lower  voltage  limit  used;  those  cycled  be¬ 
tween  2.5  and  3.6  V  lost  capacity  at  a  rate  of  less  than  0.03% 
per  cycle,  compared  to  0.05%  when  the  voltage  limit  was 
lowered  to  2.4  V  and  0.09%  when  it  was  dropped  to  2.2  V. 
Although  there  is  a  slight  improvement  in  capacity  even  for 
Li.vTio.33Mno.67O2  electrodes  when  wider  voltage  limits  are 
used,  the  advantage  is  offset  after  about  100  cycles  due  to  the 
faster  capacity  loss.  For  EV  applications,  1000  cycles  to  80% 
utilization  or  better  is  desired  for  battery  systems,  requiring 
that  single  cells  lose  less  than  0.02%  per  cycle,  on  average. 

At  present,  the  only  known  mechanism  for  capacity  loss 
in  lithium  cells  directly  attributable  to  electrodes  with  the 
Nao.44MnC>2  structure  involves  a  very  slow  transition  to  an 
unknown  phase  with  inferior  electrochemical  properties  dur¬ 
ing  deep  discharge  [4].  The  phase  transition  is  manifested  as 
a  large,  broad,  and  irreversible  peak  below  2.5  V  in  AQ/AV 
plots  from  ECPS  experiments  performed  on  cells  stepped  to 
low  voltages  for  tens  or  hundreds  of  hours.  In  galvanostatic 
experiments,  there  is  a  pronounced  hysteresis  in  the  shapes 
of  cycling  curves  below  2.5  V,  which  can  be  repeated  over 
many  subsequent  deep  discharges  until  the  conversion  is 
complete.  These  features  are  seen  upon  deep  discharge  of 
Li/PfEOjgLiTFSI/LivTi  vMn  1  -yCT  cells  as  well,  indicating 
a  similar  phenomenon  occurs  in  the  titanium-substituted 
materials.  It  is,  therefore,  likely  that  the  accelerated 
losses  seen  in  Li/P(EO)8LiTFSI/LiATio.22Mno.7802  and 
Li.vTio.33Mno.67O2  cells  discharged  repeatedly  below  2.5  V 
are  due  to  the  same  extremely  slow  irreversible  phase  tran¬ 
sition.  Under  non-equilibrium  conditions  (e.g.,  high  rate 
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discharges),  this  can  also  occur  even  if  cells  are  never  dis¬ 
charged  below  2.5  V,  particularly  if  lithium  insertion  is  slug¬ 
gish,  as  appears  to  be  the  case  with  LU-Tio.22Mno.78O2.  It  has 
been  shown  in  the  case  of  LU-MnOi  with  the  Nao.44MnC>2 
structure  that  engineering  more  favorable  particle  mor¬ 
phology  to  shorten  diffusion  path  lengths  can  ameliorate 
capacity  fading  associated  with  high  rate  discharge.  Unfor¬ 
tunately,  attempts  to  do  so  with  the  titanium-doped  mate¬ 
rials  by  grinding  or  soft  chemistry  synthesis  (e.g.,  sol-gel) 
have  resulted  in  inferior  performance  due  to  contamination 
or  different  substitution  patterns  of  the  Ti. 

These  results  suggest  that  there  is  no  intrinsic  advantage 
to  substituting  these  manganese  oxides  with  titanium  at 
present.  While  somewhat  increased  capacity  is  obtained 
when  22%  of  the  manganese  is  replaced  with  titanium,  it  ap¬ 
pears  to  come  at  the  expense  of  rate  capability  and  cycle  life. 
The  random  distribution  of  titanium  throughout  these  ma¬ 
terials  makes  it  difficult  to  produce  homogeneous  powders 
with  small  particle  dimensions  to  offset  the  sluggishness, 
as  can  be  done  with  unsubstituted  Li  vMnC>2.  However,  this 
study  does  show  that  it  is  possible  to  modify  the  discharge 
profiles  by  chemical  modification  of  manganese  oxides 
with  the  Nao.44MnC>2  structure,  and  offers  some  insight  into 
how  this  influences  the  electrochemical  characteristics.  The 
capacity  between  set  voltage  limits  is  determined  not  only 
by  the  size  of  the  unit  cell  in  manganese  oxides  with  the 
Nao.44MnC>2  structure,  but  also  by  the  redox  activity  of  the 
substituting  ion  and  the  specific  sites  where  manganese  is 
substituted.  The  effect  of  chemical  modification  upon  the 
particle  morphology  and  the  rate  of  lithium  ion  diffusion 
are  also  factors  that  must  be  considered.  At  present,  we 
are  studying  other  substituted  manganese  oxides  with  the 
Nao.44MnC>2  structure  in  order  to  understand  these  better. 
This  should  ultimately  lead  to  robust  materials  with  in¬ 
creased  energy  density  as  well  as  the  excellent  cyclability 
and  high  rate  capability  exhibited  by  optimized  LiAMnC>2 
materials. 


4.  Conclusions 

A  series  of  titanium-substituted  manganese  oxides, 
LiATivMni_v02  (y  =  0.11,  0.22,  0.33,  0.44,  and  0.55)  with 
the  Nao.44MnC>2  structure  was  prepared  and  characterized. 
Titanium  replaces  manganese  in  a  random  and  somewhat 
heterogeneous  fashion,  rather  than  on  specific  manganese 
sites  in  these  materials.  There  is  a  trade-off  between  the 
beneficial  effect  upon  capacity  of  increasing  the  unit  cell 


size  and  the  detrimental  effect  of  replacing  electrochemi- 
cally  active  manganese  ions  with  inert,  but  larger,  titanium 
ions.  Best  results  are  obtained  for  LUTio.22Mno.7sO2,  which 
delivers  about  10-20%  more  capacity  than  LivMnC>2  in 
lithium  cells  discharged  at  low  rates  or  subjected  to  ECPS 
experiments.  While  it  is  more  difficult  to  engineer  the 

LiATiviVIn  | _ y O 2  materials  for  optimum  electrochemical 

performance  than  for  LivMnC>2,  it  is  still  possible  to  dis¬ 
charge  cells  repeatedly  with  capacity  fade  rates  of  less  than 
0.03%  per  cycle. 
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